Using prolonged dark adaptometry, standard dark adaptation (DA) and prolonged DA full-field electroretinograms (ERGs), we analysed the retinal function in patients with Bothnia dystrophy (BD), a variant of recessive retinitis punctata albescens (RPA). A compromised rod and cone function, a likely dysfunction of the M€ u uller cells, and indications of disturbed neuronal function of the inner retina, were found. With prolonged DA, a gradual increase in retinal sensitivity to light and an improvement of the ERG components occurred. The findings indicate a prolonged synthesis of photopigments, retardation of the visual process in the retinal pigment epithelium (RPE), and a loss of retinal cells, probably starting at a relatively early age in BD.
Introduction
Bothnia dystrophy (BD) is an atypical variant of retinitis punctata albescens (RPA), with a high prevalence in Northern Sweden. A missense mutation resulting in an amino acid substitution (R234W) in cellular retinaldehyde-binding protein (CRALBP) is present in a homozygous state in this retinal degeneration (Burstedt, Sandgren, Holmgren, & Forsman-Semb, 1999) .
CRALBP is located in the retinal pigment epithelium (RPE) and within the M€ u uller cells of the retina (BuntMilan & Saari, 1983; Saari, Bredberg, & Garwin, 1982) . The function of CRALBP in the M€ u uller cells is unknown, but in the RPE it is known to play a crucial role in the visual cycle and the regeneration of rod visual pigment (Bok, 1990; Crouch, Chader, Wiggert, & Pepperberg, 1996; Rando, 1996; Saari, 1994) .
The phenotype of BD is characterized by night blindness from early childhood, with elevated visual sensory thresholds during dark-adaptation early in the course of the disease (Burstedt et al., 2001) . Symptoms of defective macular function with decreased visual acuity appear in early adulthood. Whitish fleck-like lesions, similar to those observed in RPA are observed in most cases. In older age, a central maculopathy develops, and round circular hypopigmentations of the RPE appear paracentrally and in the far periphery. Visual field defects can be observed in the teens with relative and absolute scotomas centrally and paracentrally. Fluorescein angiography in early adulthood shows a widespread hyperfluorescense in the retinal fundus, indicating a grossly damaged RPE.
In the present study an electrophysiological analysis of the retinal function in BD at different ages and stages was performed. The b-wave of the electroretinogram (ERG), a glial response that reflects a depolarization of the M€ u uller cell as a result of a light-evoked rapid increase of potassium concentration in the inner retina, was measured. The b-wave also indirectly represents the activity of the ON-bipolar cells (Dick & Miller, 1978; Miller & Dowling, 1970; Xu & Karwoski, 1994a , 1994b . To evaluate the function of the outer retina, the a-wave was recorded. The slope of the a-wave mainly represents a light-evoked hyperpolarisation of the photoreceptors (Brown, 1968; Heynen & van Norren, 1985; Tomita, 1965) . The rest of the a-wave is thought to be a glial response secondary to a decreased potassium concentration in the photoreceptor region (Witkowsky, Dudek, & Ripps, 1975) . Finally, the oscillatory response (OP), reflecting neuronal activity at the level of the inner plexiform layer (IPL), probably initiated by the amacrine cells, is analysed (Ogden, 1973; Ogden & Wylie, 1971; Wachtmeister, 1998 Wachtmeister, , 2001 .
The purpose of our study was also to gain a better understanding of the pathogenesis of BD by using electrophysiological methods to reflect the biochemical processes.
Patients and methods

Patients
The phenotype of BD has been previously presented in a report including basic electrophysiological data (Burstedt et al., 2001) . A total of 19 (n ¼ 19) patients with Bothnia dystrophy were included in the present study (Table 1) . The patients represented all the available patients with recordable ERGs, including four new patients who had not previously been presented. The effect of age and stage of the disease was investigated. Out of the 19 patients, nine of the younger patients were chosen for an evaluation of the effect of prolonged dark adaptation (DA) on the retinal function. The nine patients represented a selection of patients in which it should be possible to detect possible changes in psychophysical, and electrophysiological results. Three adult patients with limited but distinct visual field (VF) defects, and measurable but comparably low visual acuities (VAs) were chosen for psychophysical tests in order to detect possible changes by prolonged DA testing on VA and VF. Six younger patients at a comparatively early stage of the disease, representing different ages, and who could cooperate to electrophysical testing without general anesthesia, were allocated to study plausible effects of prolonged DA on the electrophysiological responses.
Six patients underwent dark adaptometry during an extremely prolonged time (24 h). Based on those results of the final visual sensory thresholds the effect of a prolonged (10 h) DA on retinal function was investigated. A single eye was patched for 10 h and then simultaneous ERG examinations of both eyes were performed. Therefore, a comparison between the functions of the prolonged DA patched eye and the contralateral eye, which underwent standard DA (20 min), could be made. Three different settings were used.
Three patients (222:1, 005:3 and 013:4) with affected VAs and VFs underwent psychophysical tests in order to detect possible improvement with prolonged DA (24 h). VA and VF of each eye were tested. Subsequently, visual sensory threshold measurements of the DA single eyes and the contralateral eyes, exposed to ordinary light conditions, were performed during a prolonged period of 24 h. Immediately thereafter the patients were reexamined with a second test of VAs and VFs of each eye.
Three patients (013:6, 244:1 and 004:5) underwent two different examinations, both an extremely prolonged (24 h) single eye dark adaptometry, and a single eye prolonged DA (10 h) followed by a simultaneous ERG examination of both eyes. Finally, three patients (230:1, 005:4 and 013:5) underwent a prolonged (10 h) single eye DA followed by simultaneous ERG examinations of both eyes. The study followed the tenets of the Declaration of Helsinki. Informed consents were obtained from all subjects.
Methods
Clinical examination
Methods and findings of the routine clinical ophthalmological examinations have previously been presented (Burstedt et al., 2001) . Best corrected VAs of the 19 patients examined in this study were tested using a MonoyerÕs visual chart.
Genetic analysis
In order to correlate the clinical findings with the CRALBP genotype, all individuals included in our study were tested for the presence of the R234W mutation. A PCR based diagnosis method was used (Burstedt et al., 2001 ).
Psychophysical methods
In the study on extremely prolonged DA (24 h), VAs were examined using an EDTRS visual chart. VFs were tested using a Goldmann perimeter (II-4-e and V-4-e objects). The VFs were examined before and after extremely prolonged DA (24 h).
The visual sensory thresholds to light were measured during an extremely prolonged DA (24 h) after standard preadaptation to 600 Lux for 5 min of both eyes. A Goldmann-WeekersÕ adaptometer was used to determine the visual sensory threshold. The time and intensity required for a patient to distinguish whether the test pattern placed in the center of the visual fields was vertical or horizontal were noted. A target size of 11°w as used. Measurements were made every 2 min during the first hour, then after every 0.5 h up to 12 h. The eye to be examined was then patched and the contralateral, eye left uncovered. Twenty-four hours after the start of the adaptometry test the final visual sensory thresholds of both the extremely prolonged DA eye (24 h) and the contralateral, unpatched, eye were determined.
Electrophysiological methods
Full-field, single flash and flicker, ERGs, including the oscillatory potentials (OPs), were recorded (UTAS-E 2000 LKC Technologies Inc) using Burian-Allen bipolar electrodes and according to the recommendations of ISCEV (International Society of Clinical Electrophysio-logical in Vision). The isolated rod responses were measured during standard dark-adapted conditions (20 min) using full-field white flashes of low intensity (24 dB attenuation). The dark-adapted mixed rod-cone responses were obtained using stimulation with flashes of maximum intensity (0 dB). The OPs were recorded in dark adaptation using an interstimulus interval (ISI) of 30 s and in response to stimulus flashes of maximal intensity. The cone responses were elicited in light adaptation (white background illumination; 480 lumen/m 2 ) using maximum flash stimulation. The flicker ERGs (30 Hz) were recorded in light-adapted eyes with an averaging technique (n ¼ 10) and in response to maximum intensity flashes.
In two patients, five and nine years old, the ERG recordings were obtained under general anesthesia, which was necessary for the clinical diagnosis. In two of the younger subjects, aged 8 and 15 years, recordings were obtained from single eyes due to poor cooperation.
The amplitude of the negative a-wave was measured from the baseline and the positive b-wave was measured from the a-wave trough. The amplitudes of the OPs were measured from the baseline drawn between successive throughs of the wavelets. The oscillatory response was measured as the summed amplitudes of the individual oscillatory peaks. The peak times were measured from stimulus onset to the peak of the negative a-wave, the positive b-wave or the oscillatory peaks.
Age-correlated relative values of the different components of the standard DA ERGs were calculated for each BD patient. The mean values of the relative amplitudes of all patients were graphically illustrated and compared. The relative amplitudes of the different components of the standard DA full-field ERGs were then statistically analysed using the non-parametric Wilcoxon paired-sample test. Statistical significance was defined as p < 0:05.
Results
Clinical findings
All patients (n ¼ 19) examined ophthalmologically in this study had a phenotype of BD, which has previously been described (Burstedt et al., 2001) , and relevant clinical data are presented in Table 1 .
Standard conditions and effects of age
Psychophysical findings
There was generally a progressive decline of VA with age leading to legal blindness in middle-aged patients (Table 1) . Legal blindness was defined as best corrected VA less than 20/400, in the better eye, established by the World Health Organization (1992).
The VFs were normal in patients younger than 15 years of age. During the teens, paracentral relative scotomas were observed. In young adulthood, relatively deep and large, central scotomas accompanied by a decrease in visual acuity were seen. In the fifth decade, absolute, extensive scotomas were found. In the older patients only peripheral islets of the visual fields remained. For example, see the VFs of the three reexamined patients (222:1, at the age of 33 years, 005:3, at the age of 42 years and 013:4, at the age of 47 years) in Fig.  1 .
Dark-adaptometry tested during standard conditions showed abnormalities of both rod and cone adaptation in all patients. Regardless of age, the rod function was severely affected and the cone adaptation was abnormal. The dark-adapted final visual sensory threshold was elevated about four log units in all patients (e.g see Fig. 2 , initial 1 h).
Electrophysiological findings
The results of the full-field standard DA ERGs are presented in Tables 1 and 2 , and Fig. 3 . Amplitudes and peak times of BD patients were compared to normals of corresponding age groups. The amplitudes of the rod isolated b-waves were subnormal or non-recordable in all patients (Fig. 3A) . The peak times of the rod isolated b-waves were either within the normal range or prolonged (Tables 1 and 2 ). The amplitudes of the mixed rod-cone b-waves were subnormal or non-recordable (Fig. 3B ). One single patient (005:3) showed a betterpreserved rod-cone b-wave amplitude in one eye. The peak times of the mixed rod-cone b-waves were comparatively short in most patients but generally within the normal range in more advanced cases of the disease (Tables 1 and 2 ). The amplitudes of the mixed rod-cone a-waves were found to be within the normal range in some younger patients, subnormal in most adults and eventually non-recordable at old age (Fig. 3C ). The peak time was within the normal range at young age, but there was generally a prolonged peak time in adulthood (Tables 1 and 2 ). The amplitudes of the cone b-waves were better-preserved and even within the normal range at the very young age (Fig. 3D) . The peak times of the cone b-waves were generally within the normal range at a younger age, but prolonged in young adulthood and thereafter. The amplitudes and the implicit times of the 30-Hz flicker ERGs were within the normal limits, compared with unaffected children of the same age, in two of the youngest patients (245:1 and 013:7, examined under general anesthesia; Table 1 ). Most of the younger patients had normal amplitudes and implicit times. In early adulthood, subnormal and delayed flicker ERGs were recorded. At older ages low amplitude or nonrecordable flicker ERGs were obtained.
The OPs were recorded as a routine procedure. The summed amplitudes of the individual oscillatory peaks showed subnormal values at young age, decreasing with age and were not recordable in patients older than 40 years (Fig. 3E) .
The age-correlated relative mean values of the different components of the standard ERGs are shown in Fig.   4 . The rod isolated responses and the mixed rod-cone b-waves were relatively more affected in patients with BD. The mixed rod-cone a-wave response and the OPs were relatively better preserved. The photopic responses (b-wave and 30 Hz flicker ERG) were best preserved, but on the average reached only 34 and 39 percent of the age-correlated normal mean values, respectively. A statistical analysis showed that the b-wave amplitudes of the rod and the mixed rod-cone responses were significantly more affected than the a-wave amplitude (p < 0:05 and p < 0:001). The change of the oscillatory response was not significantly different to that of the rod and mixed rod-cone b-wave responses respectively. The cone b-wave and the 30 Hz flicker amplitudes were significantly better preserved compared to the b-wave amplitudes of the rod and mixed rod-cone responses (p < 0:001), and also compared to the oscillatory response (p < 0:05) and the a-wave amplitude of the mixed rod-cone response (p < 0:001).
Effects of prolonged dark adaptation 3.3.1. Psychophysical findings
The three patients examined with extremely prolonged DA testing (24 h) (222:1, at the age of 33 years, 005:3, at the age of 42 years and 013:4, at the age of 47 years) all had low VAs of their best eyes (0.02; 0.02 and 0.06 [decimal acuities], respectively). Their initial VFs tested during routine conditions presented relative and absolute central scotomas and in the two older patients affected peripheral borders (Fig. 1) .
In all three patients, standard dark-adaptometry showed abnormal recovery of the sensitivity of both the rod and cone functions with visual sensory thresholds increased about four log units (Fig. 2) . Prolonged darkadaptometry of the patched single eye showed less than one log unit increase in sensitivity of the cones during the first hour. There was then a relatively rapid increase in sensitivity during the following 4-6 h down to a level, about one half to one log unit above normal values in the two oldest patients. The elevated thresholds remained during the rest of the extremely prolonged DA period (24 h). The youngest patient (222:1) reached, within 5 h, her final visual sensory threshold, which was normal for her age. VAs and VFs measured after the extremely prolonged DA period (24 h) were found not to have improved, although all patients subjectively experienced the visual chart generally more clearly.
The patients 013:6, 12 years old; 244:1, 19 years old and 004:5, 21 years old showed similar results but also special features of recovery of sensitivity during extremely prolonged DA testing, compared to the first group of patients. There was a moderate, one log unit increase in sensitivity of the patched single eye during the first hour, followed by, in these cases, a plateau of recovery lasting up to 4 h. Thereafter an almost linear increase of sensitivity occurred. They reached their final threshold levels of visual sensitivity not later than 10-12 h after the start of the dark adaptometry test of the patched single eye. Their final visual sensory thresholds were elevated about one half log unit (013:6), about one log unit (244:1) and about two log units (004:5) after the extremely prolonged DA (24 h), respectively. The contralateral eyes of all six patients, exposed to normal indoor lightning, showed one log unit of adaptation or less. Final visual sensory thresholds of these eyes were all elevated about four log units or more.
Electrophysiological findings
Six patients were reexamined with full-field ERGs after one single eye had been DA for a prolonged period of time (10 h) and the contralateral eye had been DA for a standard period (20 min). The electrophysiological results are presented in Table 2 . Binocular comparisons between the prolonged DA and standard DA eyes of the different components of the ERG of the individual patients are shown in Fig. 5 . There was an increase of the rod isolated b-wave amplitudes of the prolonged DA eyes up to normal range in two patients (244:1 and 004:5; 19 and 21 years old). However, the b-waves were still delayed. No obvious increase in amplitude occurred in two patients with non-recordable or very low rod isolated b-waves (230:1 and 005:4; 19 and 20 years old). In two patients (013:6 and 013:5; 12 and 27 years old), unstable recordings were obtained, due to the interference of blink artefacts in response to stimulus light.
In most patients there was an increase in the amplitudes of the mixed rod-cone b-waves and/or the a-waves in the prolonged DA eyes (Fig. 5B and C) . The peak times of the mixed rod-cone b-waves showed an increase with prolonged DA. The peak times of the awaves were generally unchanged. No obvious change in amplitudes of the cone b-waves occurred after prolonged DA (Fig. 5D) . Neither was there any significant difference in peak times of these components of the prolonged DA eyes as compared with their contralateral eyes ( Table 2) . A binocular comparison of the summed amplitudes of the OPs revealed after prolonged DA an increase in some patients with subnormal responses (Fig. 5E ). One patient (244:1) reached values close to the lower limit of the normal range for her age. Fig. 6A shows representative full-field ERGs of both the prolonged DA and the standard DA contralateral eye simultaneously recorded in one patient (case 005:4, age 20 years). An increase of the OP amplitude was also observed after prolonged DA in the same patient (Fig.  6B ).
Discussion
Bothnia dystrophy segregates with an R234W mutation in the cellular retinaldehyde-binding protein (CRALBP). Other mutations in the cellular retinaldehyde-binding protein gene (RLBP1) associated with retinal degenerations have been described. For example, one mutation (R150Q) in exon 5 of the RLBP1 gene has been found in three patients from India (Maw et al., 1997) and in patients from Saudi Arabia (Katsanis et al., 2001) . Three additional mutations in the RLBP1 gene have been reported in two patients belonging to small families of European ancestry (Morimura, Berson, & Dryja, 1999) . The phenotypes of these mutations all presented funduscopic findings with whitish fleck-like lesions like in RPA, peripheral degenerative changes and maculopathy. Thus, the BD phenotype does not seem to obviously differ in expression, neither was there any difference in progression in BD compared to these four mutation phenotypes.
Two splice junction mutations, one of which was reported by Morimura and collaborators in 1999 (Morimura et al., 1999) , have been found in six Newfoundland pedigrees (Eichers et al., 2002) . Their phenotypes were reported to have an earlier onset and a more rapid progression compared to BD, and in contrast to BD, no areolar maculopathy was described. Noteworthy, although all these mutations in the RLBP1 gene were different, the patients including the BD ones, presented with an invariant finding of night blindness in childhood, and fundus lesions like in RPA. CRALBP is present in the RPE and in the M€ u uller cells of the retina (Bunt-Milan & Saari, 1983; Saari et al., 1982) . Studies in vitro have demonstrated that CRALBP affects the kinetic properties of four enzymes of the mammalian visual cycle (Saari, Bredberg, & Noy, 1994; Stecher, Gelb, Saari, & Palczewski, 1999 
(E) Fig. 3 . Amplitudes of the different components of the standard full-field ERGs of each eye in relation to age in patients with Bothnia dystrophy ( j ).
Values of single eyes in healthy children examined under general anesthesia are indicated as unfilled symbols ( ). Means (--) and normal range ±2 SD (---) are indicated. (A) The rod isolated b-waves were mostly subnormal in children and young adults but non-recordable at older ages. (B) The mixed rod-cone b-waves were mostly subnormal in children and young adults but non-recordable at older ages. As an exception one patient (005:3) showed a better-preserved rod-cone b-wave in one single eye. (C) The mixed rod-cone a-waves were within normal limits in some cases at young age, subnormal in most adults, and non-recordable in the oldest patients. (D) The cone b-waves were normal in a very young child, subnormal in older children and young adults and later ages, and non-recordable in elderly patients. (E) The oscillatory responses were generally subnormal in childhood and young adults and non-recordable in the older patients. Winston & Rando, 1998) . Night blindness in patients with CRALBP mutations could result from an alteration in one or more of the CRALBP functions in the RPE. The time course of rhodopsin regeneration and the return of the sensitivity of the rod system are generally correlated (Rushton, 1961) . However, the recovery of the rod sensitivity threshold after very intense bleach is also partly dependent on removal or inactivation of bleaching intermediates or photoproducts within the photoreceptors (Pepperberg, 1984) . Slowed dark adaptation and extremely delayed regeneration of visual pigments have been reported in visual cycle diseases like vitamin A deficiency and SorsbyÕs fundus dystrophy (Kemp, Jacobson, Faulkner, & Walt, 1988; Steinmetz, Polkinghorne, Fitzke, Kemp, & Bird, 1992) . The presence of a prolonged cone plateau and a transitory rod plateau of recovery were observed in these disorders (Cideciyan, Pugh, Lamb, Huang, & Jacobson, 1997) . Recently a visual cycle gene mutation in the 11-cis-retinol dehydrogenase (RDH5) gene has been described in vitro and in vivo. Its phenotype presents with a fundus albipunctatus in humans and has been shown to cause a delayed rod-cone break and a final rod mediated threshold not to be reached until about 5 h following full bleaches (Cideciyan et al., 2000) . The six patients with BD here examined with extremely prolonged DA showed an extremely slow DA reaching steady state within 5-12 h. In the three younger BD patients apparent plateaux of recovery in the dark were observed and lasting for about 1-4 h. These findings may indicate the presence of a prolonged plateau also in BD. If so, it may be speculated that this plateau represents an effect on the removal of bleached pigments, which have been suggested to occur in other retinal visual cycle diseases (Cideciyan et al., 1997) . The final visual sensory thresholds after 24-h-DA had not returned to normal in most patients examined. This could well correlate to a disturbance in the normal function of CRALBP, and the process of regeneration of 11-cis-retinal in the RPE, in BD patients.
In our study the electrophysiological results show that there are low or non-detectable rod-isolated bwaves in patients with BD. These findings indicate a reduced or even lost rod photoreceptor function during standard DA conditions. In two patients there was an augmentation of the positive rod isolated b-waves to normal values after prolonged DA, suggesting that some regeneration of rod photopigment (rhodopsin) does occur. Consequently, sufficient numbers of rods seem to be able to function so that even responses within normal amplitudes could be elicited. However, as the peak time is lengthened the function of the rods appears not to be optimal even after an extended DA procedure.
The DA mixed rod-cone ERG responses were also affected in BD. The amplitudes of the b-waves were low and the peak times shorter at an early stage of the disease. The morphology of the mixed rod-cone response revealed an early positive component, the timing of which seems to be in accordance with that of the cone bwave of the ERG (Tables 1 and 2 , and Fig. 6A ). After prolonged DA, the amplitude of the mixed rod-cone bwave increased, and the peak time lengthened in most patients (Table 2 and Fig. 6A) . A plausible explanation could be a partial restitution of the rod component of the mixed b-wave response, induced by the slow but present regeneration of photopigments during the extended DA.
It was interesting to note that the amplitudes of the DA mixed rod-cone a-waves, although low, were found to be comparatively and significantly better preserved with age than the amplitudes of the mixed b-wave responses. Thus, the mixed a-wave, which mainly reflects function of the photoreceptors (rods and cones) in the outer retina, was less impaired than the mixed b-wave, a glial M€ u uller cell response in the inner retina, but also representing activity of the ON-bipolar cells (Dick & Miller, 1978; Miller & Dowling, 1970 ; Xu & Karwoski, 1994a, 1994b). Even though the function (if any) of CRALBP in M€ u uller cells is still unknown, the finding of a relatively more affected b-wave might well be correlated with CRALBP being localised to the M€ u uller cells of the retina. However, the b-wave finding, may also indicate a comparatively early effect on the second order-ON-bipolar cell function in BD patients. The photopic responses (cone b-waves and flicker ERGs) were the best preserved ones in BD. Normal values were found in a very young patient in the early phase of the disease and relatively well preserved but subnormal values were present in adults, except in very advanced stages of BD. Prolonged DA did not significantly alter the amplitude nor the timing of the cone b-wave and the flicker ERGs. This is an expected finding as BD primarily affects the RPE and the regeneration of the photopigments of the rods.
We found small or non-detectable oscillatory responses in the BD patients at all ages indicating a comparatively early disturbance of the neuronal function in the inner retina. The OP-response has been reported to be abnormal in RP-patients in whom basically the outer retina (photoreceptors and RPE) is affected (Cideciyan & Jacobson, 1993) .
Degenerative ''neurite sprouting'' of rods, some types of amacrine cells, horizontal cells, and elongated and abnormally branched cones have been observed in RP patients (Fariss, Li, & Milam, 2000; Li, Kljavin, & Milam, 1995) . Thus the subnormal OP-response of the BD patient may reflect abnormal wiring of surviving rods (neurite sprouting) and/or pathologically changed cones.
Another interesting observation is that in some patients a recovery of the OPs, although not complete, occurred after extended DA. These findings correlate well with the OPs, representing both scotopic and photopic activities, which previously have been described (see Wachtmeister, 1998 , for overview). Saari et al. (2001) studied CRALBP function in vivo generating and characterizing mice with a non-functional CRALBP protein (RLBP1 )/)). The phenotype of the mouse is similar to human phenotype with a recessive inheritance and a delayed dark adaptation. The RLBP1 )/) mice required 18-24 h to regain the original amount of rhodopsin. Recovery of the retinal sensitivity, measured as the a-wave amplitude, occurred in 3 h in control mice. In contrast, the a-wave of the RLBP1 )/) mice did not recover during this period of time. Recovery of the cone b-wave response was also found to be delayed, by twofold, as compared with RLBP1 +/+ mice (Saari et al., 2001) .
In the present study of the human phenotype, only one patient was found to have a complete recovery of rod function, measured psychophysically after prolonged DA. Accordingly, the true electrophysiological response in BD does not seem to show until a prolonged DA is used. However, no full restitution of the electrophysiological function (amplitude and timing) of the photoreceptors (rods and cones) in the outer retina nor of inner retinal function was found in any BD patient in the present study. This might be due to the fact that the DA time was comparatively short (10 h instead of 24 h). Alternatively, the affected CRALBP may result in a relatively early, non-reversible, deteriorating damage and dysfunction of the M€ u uller, pigment epithelial cells, and degenerative changes in photoreceptor cells.
In younger ages there was an improvement of the rod isolated and DA mixed rod-cone responses induced by prolonged DA of the retina in several patients. These findings indicate that the disturbed functions are reversible to some extent in the early phase of the BD disease, and this seems to apply both to outer as well as inner retinal functions. In humans, one single case of BD, 11 years of age, has been reported with normalized dark adaptometry and full-field ERG within 24 h prolonged dark adaptometry (Gr€ a anse, Abrahamson, Ponjavic, & Andr e easson, 2001).
In the animal model over a one-year study period, little or no reduction of the number of photoreceptors was detected (Saari et al., 2001) . To the authorsÕ knowledge, no morphological studies have been reported in BD patients. However, in a previous study, hypopigmentation of the RPE, as revealed by fluoroscein angiography, was found rather early in the BD disease (Burstedt et al., 2001 ). In the same study, electrooculography was performed in eight cases, and all showed subnormal Arden ratios. In our study, eventually a putative loss of photoreceptors and/or other cells in the neuroretina, as indicated by the severely weakened amplitudes and finally non-recordable ERG-responses, seemed to occur, probably secondary to RPE cell death. Therefore, our results suggest that such changes already start in early adulthood. As morphologic studies in humans are missing, further electrophysiological studies in the future seem to be necessary to fully understand the visual process and function in Bothnia dystrophy.
To conclude, our results show that in Bothnia dystrophy (BD) there is a compromised rod and cone function, indications of a disturbed neuronal function of the inner retina, and a likely dysfunction of the M€ u uller cells. Secondly, the findings indicate that there is a prolonged synthesis of photopigments, retardation of the visual process in the RPE, and likely a loss of retinal photoreceptor cells starting at a relatively early age in BD.
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